Introduction
The interesting properties of austenitic Fe-Mn-C steels were originally discovered and exploited by Sir Robert Hadfield in the late nineteenth century.
1) The most used austenitic stainless steels are featured by low carbon concentrations and nickel is used to stabilize the face centered cubic (fcc) elementary cells, but the same austenite stability is obtained by replacing nickel with manganese and carbon which are cheaper than nickel and they allow obtaining the highest final mechanical performances often required by the specifications. When the carbon concentration of the Hadfield steel cannot be used, because such a high carbon concentration (i.e. 1.2%wt.) implies a very poor weldability, and high strength of steel is needed, the simultaneous stabilization of the austenite and the high strength are obtained by addition of manganese and chromium. [2] [3] [4] The manganese concentration has to be set at values higher than 15%wt. and the nitrogen concentration is usually maintained higher than 0.5%wt. because such a chemical composition is able
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to avoid an abundant γ→α'/ε (austenite→martensite) transformation during the plastic deformation process. Actually, the plastic deformation of an austenitic stainless steel can lead to a phase transformation from a paramagnetic austenite to a ferromagnetic martensite that is not allowed for the application in which the time-variant electromagnetic fields are involved, otherwise the heating and/or a Lorentz force can be developed within the mechanical component and this can compromise the mechanical stability. [5] [6] [7] This study aims at finding the best hardening temperature for X10CrMnN18-18 ( Table 1) featured by a fully austenitic micro-structure ( Fig. 1(a) ), in order to provide the maximum increase of the mechanical properties, to avoid the formation of the martensite ( Fig. 1(b) ), to make the plastic deformation possible and to induce the desired hardening.
Such steel is often used to obtain retaining rings (Fig. 2 ) for the power generation shaft. These mechanical components can be interested by the magnetic flow of the rotating magnet belonging to the alternator, but at the same time they have to assure mechanical properties able to provide the safe working conditions ( Table 2) .
The strengthening mechanism of the studied steel relies on the strain hardening and on the substitutional solu-tion performed by the presence of chromium. The strain hardening is achieved by plastic deformation, 1, 8) because the absence of any structural transformation induced by a thermal treatment excludes the possibility to realize any strengthening by the application of a heat treatment. The high chromium concentration is not only imposed to assure a good resistance against the oxidation and wear, but also to realize the hardening by the substitutional solution mechanism exploiting the strengthening phenomenon defined as the "Suzuki" effect.
9) The latest takes place in γ-Fe austenitic steels, where the dislocations are dissociated. The stacking sequence in the regions of the stacking fault between two partial dislocations is a thin region featured by a hexagonal compact prism (hcp) elementary cells. The solubility of the alloying elements may be higher in the stacking fault than in the bulk lattice and as a consequence the solutes can segregate to the region interested by the stacking fault, so they can immobilize the partial dislocations. On the other hand, the presence of so high chromium concentration could cause a detrimental precipitation of the chromium carbides that has to be avoided in order to exclude an undesirable hot shortness phenomenon, which cannot allow the exploitation of the desired hardening mechanism.
The aim of the performed study is the definition of the most favorable temperature for performing the strain hardening process of the studied steels in order to maximize the strengthening of the steel and to avoid the damages of such an alloy. It is demonstrated that the high temperature ranges (450°C-500°C) usually imposed by the forgemasters do not represent the most reliable conditions and that the lower temperature ranges can represent a more efficient and safe option.
Experimental Procedure
A 5t ingot in X10CrMnN18-18 steel has been degased and cast by bottom pouring. The steel has been forged between 1 050°C and 950°C to obtain a 300 mm diameter bar that has been air cooled down to room temperature. At 7.5 mm from the surface the material has been sampled to obtain tensile specimens whose axis is parallel to the forged bar main axis. The round tensile specimens are 8 mm in diameter and the parallel gauge length is 100 mm. The tensile specimens have been strained at 2 mm/min by a tensile machine equipped by a resistance insulated furnace controlled by thermo-couple and these specimens have been strained up to fracture at different temperature: 250°C/300°C /350°C/400°C/450°C/500°C. Three specimens for each temperature have been tested. Once the complete stress vs. strain curves has been obtained for each plastic deformation temperature, the specimens have undergone a tensile test at the same temperatures up to 23% deformation and after such a plastic deformation they have been quenched in liquid nitrogen to freeze the microstructure condition formed at high temperature. A deformation limit of 23% deformation has been stated in order allow examination of the same deformation level for all the investigated temperature applied for the tensile strength, because there is a maximum elongation limit of 24% for the tensile test performed at 500°C. Then, the quenched specimens have undergone a tensile test at room temperature up to the fracture in order to point out the obtained mechanical properties as a function of the applied hardening temperature. The round specimens are 7 mm in diameter and 130 mm long. The test were conducted using a 50 mm gauge length extensometer and the crosshead speed was 10 mm/min.
A metallographic analysis has been carried out on the quenched specimens before the final tensile tests at room temperature. The observation of the microstructure before the final tensile tests aims at relating the microstructure obtained after the straining at high temperature with the mechanical properties measured by the tensile tests performed at room temperature. The sections of the tensile specimens have been observed along the transverse and longitudinal sections and they have been electrochemically etched by oxalic acid (solution 10%, 15 V). SEM-EBSD investigations have been performed to point out the difference of the crystallographic orientation after the deformation realized at different temperatures, because the data about the crystal orientation can be coupled with the grain size measurement and they can provide information about the possible microstructural reorganization phenomena (i.e. recovery, grain growth etc.) undergone by the steel that can affect the final mechanical properties. Moreover, the misorientation measurements allow recognizing the fraction of the special CSL (Coincident Site Lattice) boundaries, because Σ3 boundaries are associated to the presence of the twinnings.
High resolution metallographic investigations were performed by means of electron microscopy SU-70 by Hitachi, equipped with STEM detector and with a field emission Schottky electron source. The beam can be accelerated up to 30 kV. Thin foils for STEM observations were prepared by electro-etching 3 mm diameter large and 80-100 μm thick discs, obtained via mechanical polishing. The final perforation was performed by an electrolytic cell equipped with a double jet system, using a 59% methanol -35% butanol -6% perchloric acid solution, at a temperature of − 30°C, operating at an applied voltage to induce a current of 0.1 A. The dislocation density has been measured by a linear intercept method applied on the STEM micrographs.
The presence of martensite has been checked at room temperature through the measurements performed by a ferritoscope on the specimens plastically strained at different temperatures, while the volume fraction of the chromium carbides has been pointed out through the optical microscopy observation and the detection of the dark phases on the grain boundaries has been performed by an automatic image analyzer.
Results
The ferritoscope has pointed out the presence of 23% volume fraction of martensite only in the specimens plastically deformed at 250°C, while the specimens deformed at the other temperatures have not point out any magnetic permeability, so the presence of martensite has to be excluded. The complete tensile tests at high temperature point out a significant decrease of the ductility as the temperature increases, which is very sharp at the highest tested temperature (500°C) (Fig. 3) . The best ductility properties are associated to a deformation temperature included between 250°C and 400°C that allows obtaining a percentage elongation peak up to 44% observed at 300°C. The Flow Stress (FS) measured at different temperature is not interested by significant difference as a function of the temperature increase but the difference is concentrated in the values of the Ultimate Tensile Strength (UTS), Elongation (%A) and in the Hardening Coefficient (n) ( Table 3) The different microstructures induced through the application of a different plastic deformation temperature cause a different mechanical behavior at room temperature. Actually, the specimens hardened by a straining up to 23% point out a significant variation of the mechanical behavior as a function of the formerly applied temperature (Fig. 4, Table 4) .
A very sharp change of the mechanical behavior at room temperature is shown for the samples hardened at 450°C and 500°C that are featured by a lower yield strength than the specimens strained at a lower temperature, while the highest ductility is pointed out by the specimen plastically deformed at 500°C. The strain aging phenomenon disappears completely at room temperature after a plastic straining at 500°C.
The metallographic observations performed after the fracture at high temperature (Fig. 5) points out that the plastic deformation has occurred by twinning that is particularly intense and evident for the specimens plastically deformed at 250°C, 300°C and 350°C. The specimens deformed at the lowest temperature (250°C) are the only ones pointing out the presence of martensite, while all the other specimens tested at a higher temperature are not interested by the formation of this structural constituent. In the coupons tested at 300°C and 350°C a significant presence of twinning has taken place, but as the temperature increases further (400°C/450°C) the twinning density decreases and at 500°C the twinning formation decreases to a very low percentage fraction and the grains are surrounded by a significant presence of the precipitates Table 5 . The misorientation measurements confirm the decrease of the twinning density as the applied deformation temperature increases, actually the fraction of Σ3 boundaries decreases as the applied plastic deformation temperature increases (Fig. 6) . The SEM-EDS analysis has allowed identifying such precipitates as chro- and longitudinal section of the tested tensile specimens. The section aligned with the specimen axis has been observed near the developed fracture. mium carbides. The observed grain size increases as the plastic deformation temperature increases, while the volume fraction of the chromium carbides takes place mainly at 500°C. The observations performed by STEM point out clearly that the dislocation density is higher in the steels deformed at the lowest temperature range (Fig. 7) , while the specimens deformed at the highest temperature show a lower dislocation density and wide portions of the grains are not featured by the presence of a dislocation forest but they seem to be interested by the reorganization of the disloca- tions along particular directions forming boundaries (Fig.  8) . The measured dislocation density varies as a function of the deformation temperature (Table 6) . Thus, the specimens treated at the highest temperature point out clear traces of recovery, while the specimens strained in the lowest thermal range (between 250°C and 350°C) show a typical strain hardened microstructure featured by a high dislocation density and the dislocations are more homogeneously distributed.
The texture investigations are presented under the form of inverse pole figures (Fig. 8) , because the studied specimens have been strained along the tensile direction, so this representation is significant to point out the orientation assumed by the grains after the deformation at temperature higher than the room temperature. The specimens strained at the lowest temperatures show the formation of a clear texture featured by the alignment of the < 111 > direction of the crystal lattice along the tensile direction while the textures appear less intense as the test temperature increases, actually a very weak texture has been pointed out for the coupons are strained at 500°C. A clear trend has been pointed out: the lower the plastic deformation temperature, the stronger the alignment of the < 111 > direction of the crystal lattice along the tensile direction.
Discussion
The martensite is formed only at 250°C and this phenomenon excludes the possibility to perform the hardening process at this temperature or at a lower thermal range, because this phenomenon causes the presence of a magnetic permeability that has to be avoided. [10] [11] [12] The observed flow stresses of the studied steel during the tensile tests performed above the room temperature are featured by a decreasing trend as the temperature increases, but above 350°C also the overall elongation at the fracture point decreases as temperature increases. The specimens strained at 500°C is affected by a significant loss of ductility. Such an observed behavior is due to the abundant precipitation of the chromium carbides at the grain boundaries. The precipitation phenomena of the chromium carbides become evident at 500°C and it has to be avoided in order to prevent hot shortness of the steels and the consequent possible damages. The carbide precipitation and the consequent removal of the carbon from the metal lattice implies also a decreasing of the strain aging phenomenon that is evident in the tensile test realized at room temperature for the steels deformed at temperature lower than 500°C and this phenomenon points out that below 500°C the carbide precipitation decreases as the applied deformation temperature decreases. 13) The presence of martensite in the samples deformed at the lowest temperature (250°C) explains why their ductility is lower than the ductility observed for the samples deformed at 300°C and 350°C when the deformation is mainly realized by twinning as can be expected in austenite steels featured by a fcc elementary cell. [13] [14] [15] [16] [17] The metallographic observations at room temperature performed on the specimens confirm that the twinning density (Figs. 7, 8 ) in the deformed grains decreases as the temperature increases (400°C-450°C-500°C). This is consistent also with the dislocation density identified by the STEM observations, through which the difference in terms of the dislocation distributions as a function of the deformation temperature is made evident. The lowest applied thermal range of deformation (250°C-300°C-350°C) causes the presence of a homogeneous dislocation density while the highest applied thermal range (400°C-450°C-500°C) implies a reorganization of the dislocation and wide portions of the alloy appear not interested by the presence of dislocations. This qualitative statement has been confirmed by the measured dislocation density ( Table 6 ).
The SEM-EBSD measurement confirm this statement, because the anisotropy of the deformed specimens is weakened as the deformation temperature increases, because the recovery mechanism, the reorganization of the dislocation and the generation of sub-grains imply a more homogeneous distribution for the orientation of the crystal lattices. [18] [19] [20] [21] The tensile tests performed at room temperature point out that the best mechanical properties are obtained for the specimens plastically deformed at the lowest temperature range, because the highest twinning and the highest dislocation density are maintained down to the room temperature and this situation improves the desired hardening effect. Actually, the strain hardening mechanism is improved by an increase of the dislocation density according to the Eq. Thus, if the specimens have been featured by the formation of a high dislocation density and the recovery mechanism does not take place, such situation allows exploiting also the "Suzuki" hardening effect 9) taking place when the dislocations are dissociated. The stacking sequence in the regions of the stacking fault between the two partial dislocations is a thin region featured by hcp (hexagonal compact prism) crystal structure. The solubility of the alloying elements may be higher in the stacking fault than in the bulk lattice; as a result the solutes can segregate to the region interested by the stacking fault and so they can immobilize the partial dislocations and they can increase the hardening effect.
On the basis of the obtained results, the most suitable thermal range can be stated between 300°C and 350°C, because for a lower deformation temperature the martensite can form, while for temperature above this range the activation of a recovery mechanism weakens the hardening effect at room temperature. Actually, the coupons plastically deformed above 350°C are featured by a decreased dislocation density due to the occurrence of a recovery mechanism, while the strain hardening effect is increased in the samples featured by a high dislocation density maintained (after the plastic deformation) down to the room temperature. At 500°C the softening due the dislocation recovery mechanism is associated even to a very detrimental precipitation of the chromium carbides that negatively affects the strength properties of the steel at room temperature.
Conclusions
The carried out experimental activities aim at understanding the best temperature range to perform the plastic deformation of the steel X10CrMnN18-18 in order to achieve a hardening that allows to obtain the high strength required for the realization of high strength components, i.e. retaining rings:
• the best combination of the usually required mechanical properties at room temperature (Table 4) can be achieved after a deformation realized between 250°C and 350°C, while after a plastic deformation performed at 400°C the mechanical properties are very near the lowest required limits;
• a hardening procedure performed at temperature higher than 450°C causes clear recovery phenomena and a significant intergranular precipitation of the chromium carbides that eliminates the strain aging at the yield point, but the removal of carbon and chromium from the metal matrix does not allow exploiting the solution strengthening and the "Suzuki" effect which cover a fundamental role for achieving the required high strengths;
• the work hardening procedure performed between 250°C and 350°C induces the highest dislocation density at room temperature, while as the temperature increases over such a thermal range, the recovery phenomena take place and this implies a coarsening of the grains, a consequent decrease of the strengthening properties (YS, UTS) and an increase of the ductility at room temperature;
• thus, the optimal thermal range for the application of the plastic deformation has to be set between 300°C and 350°C, in order to harden the steel by the increase of the dislocation density as well as by the formation of martensite.
